Introduction
Marek's disease (MD) is a lymphoproliferative disease caused by the Marek's disease virus (MDV) which is ubiquitous in all poultry houses. Susceptible animals often exhibit paralysis, blindness, and visible lymphoid tumors. Resulting losses of condemnation and reduced egg production are~$1 billion per year worldwide (Purchase 1985) . With the increasing emergence of new strains that vaccines cannot adequately protect (Witter 1997) , genetic resistance is an attractive alternative control measure. Use of linked markers could help poultry breeders achieve increased genetic resistance plus enable direct screening of elite breeding flocks; with pathogens such as MDV, animals are tested indirectly through sibs or progeny at off location sites.
Genes from the major histocompatibility complex (MHC) or B complex, as it known in the chicken (Bacon 1987; Bacon & Witter 1992 , 1994a , 1994b , or linked markers could be used as this region has been confirmed to influence genetic resistance to MD. However, it is clear that other non-MHC genes are involved and in fact comprise the majority of the disease resistance (Groot & Albers 1992) . To identify QTL containing these non-MHC genes conferring susceptibility to MD, a genome-wide screen was conducted using a powerful 272 F 2 animals resource population derived from the inbred chicken lines 6 3 (MD resistant) and 7 2 (MD susceptible) that was challenged with MDV and scored for MD as well as a number of MD associated traits (Vallejo et al. 1998) ; Line 6 3 and 7 2 have identifical B complex genes. Using a multistage QTL analysis involving 78 microsatellite markers, and both single-point anova and interval mapping QTL algorithms, two QTL with significant association and four QTL with suggestive association to one or more MD associated traits were identified.
The main limitation of the previous study was that some of these QTL (on Ch. 4 and Ch. 7) lay in large intervals (70 + cm) or were linked to only a single marker (on E16) due to the limited number of informative markers present in the chicken genome map. The identified QTL were Animal Genetics, 1999, 30 
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ã 1999 International Society for Animal Genetics just above the suggestive level and furthermore, some of the interval mapping approaches were not fully reliable because of the large intervals between markers. Also, » 45% of the chicken genome was not screened. Consequently, tightly linked markers for the majority of non-MHC genes conferring resistance to MD for use in MAS were not generated.
Since the initial study, more microsatellites have been mapped (e.g. Gibbs et al. 1997; Crooijmans et al. 1997) . With these additional genetic markers, the goal of this study was to: (1) saturate each MD QTL reported previously with additional markers to better resolve the location and size of effect, and (2) screen unsurveyed regions of the chicken genome to reveal any additional QTL associated with MD resistance.
Materials and methods

Experimental population and phenotypic measurements
A complete description of the resource population and trait measurements was previously reported in Vallejo et al. (1998) . Briefly, a resource population of 272 F 2 White Leghorn chickens was generated by intermating the inbred lines 6 3 (MD resistant) and 7 2 (MD susceptible). At one-week of age, the chickens were challenged with 2000 pfu JM strain of MDV. The chickens were observed until moribund or up to 10 weeks of age. All the animals were necropsied to score for MD tumors in various nerves [vagus (VAG) , sciatic (SCI), and brachial (BRA)] and visceral tissues (e.g. thymus, spleen, heart, gonad); any animal with tumors was scored as having MD or diseased (DIS). Other components of MD susceptibility evaluated were viremia at 2 weeks postinfection (VIR), number of tissues with tumors (TIS), and length of survival (SUR). Two indexes were employed in order to get better representative variables for MD: tumor index (TUM, graded from 0 to 5), and MD index (MDI, an empirical pooled index that assigns weights to each MD trait).
Selection of markers and genotyping
Microsatellite markers were chosen from the latest East Lansing (EL), Compton (C), and Wageningen genetic maps (WAU) . The markers from the unsurveyed regions were typed initially only on 80 F 2 birds (the extreme 40 resistant and 40 susceptible birds) using a selective genotyping (SG) approach. All 272 F 2 birds were genotyped using the flanking markers within the MD QTL regions that were reported or for any marker that exhibited suggestive association in the SG analyses. Genotyping and analysis of microsatellite markers were conducted using our standard conditions (Cheng et al. 1995) . The ABI Genescan 2 . 1 software and visual identification were used to determine the alleles.
Linkage analysis
The associations of the markers with continuous MD traits (VIR, SUR, TIS, MDI and TUM) were analyzed as single point by anova and with nonparametric MD traits (DIS, VAG, SCI and BRA) by Nominal Logistic Regression using JMP (SAS Institute 1995). The critical P-value levels for suggestive and significant association were 0 . 0024 > P > 0 . 0007 and P < 0 . 0007, respectively (Lander & Kruglyak 1995) .
Genotyping data of the markers from the current study combined with those from the previous study were analyzed using two interval mapping algorithms, Map Manager QT version b16 (Manly 1996) and MAPMAKER/ QTL version 1 . 1 (Lincoln et al. 1992) limited for the continuous trait. Interval mapping of the nonparametric traits was conducted by MAP-MAKER/QTL for nonparametric traits using the Penetrance QTL map procedure. The chromosome-wise critical threshold levels to declare suggestive and significant QTL for Map Manager QT were determined using 1000 permutations of the experimental data (Churchill & Doerge 1994) or for MAPMAKER/QTL using the LOD scores of 2 . 0 and 3 . 4, respectively, following the guidelines of Lander & Kruglyak (1995) .
Results
Genome Coverage
A total of 127 markers were used to genotype the 6 3´72 F 2 resource population. As a result, » 68% of the chicken genome was surveyed with 90% coverage for the eight macrochromosomes, 45% coverage for the small linkage groups, and 30% coverage for the sex chromosomes.
In the current study, 49 additional microsatellite markers were chosen from the latest East Lansing, Compton, and Wageningen genetic maps. Seventeen of these markers reside near or within four of the five MD QTL regions previously reported (Vallejo et al. 1998) . For better clarity, the MD QTL regions will now be called by the name of the linkage group (LG) in which it resides and, when necessary, the closest linked marker. Two of the 17 markers are located on Ch. 2 (previously named as MD1), four on Ch. 4 (MD2), six on Ch.7 (MD3), and five on Ch. 8 (MD4). Unfortunately no new makers were available for the QTL on E16 (MD5). The additional markers reduced the large intervals containing the QTL on Ch. 4 and 7 from 75 + cm to 30 cm or smaller, and even into smaller intervals within the other two regions on Ch. 2 and 8 (Fig. 1) . Of the 32 markers used to search other regions, about half of them are on the eight macrochromosomes and the other half on the smaller LG.
The order of the genetic markers estimated in this study were identical to the East Lansing genetic map, however, the distances between markers were often larger than those found on the East Lansing map (data not shown).
Higher resolution mapping
The results of QTL analyses conducted by single-point analyses and two interval mapping algorithms (Map Manager QT and MAP-MAKER/QTL) are presented in Table 1 and Fig. 1 .
Two additional markers (ADL0309 and LEI0086) on Ch. 2 (Fig. 1 ) support the significant association of ADL0185 with SUR and MDI and revealed a new significant association with DIS (Table 1 and Fig. 1 ). Additionally, suggestive associations with TUM and VAG were identified. The QTL was optimally placed between markers ADL0185 and ADL0309 by the interval mapping algorithms. A second possible QTL was identified nearby having suggestive associations to VIR and VAG (using Map Manager QT and MAPMAKER/QTL, respectively) to MCW0063 (Table 1 and Fig. 1 ).
On Ch. 4, four new markers (LEI0076, UMA4 . 027, LEI0094 and ADL0266) and another marker nearby (ADL0260) were genotyped within the large interval containing the MD QTL (Fig. 1) . Analyses including the additional markers apparently split the single QTL previously identified into two closely linked QTL. One QTL is located between markers LEI0094 and ADL0266 and has significant associations to VAG, DIS, and MDI and suggestive associations to BRA, TIS and SUR (Table 1 and Fig. 1 ). The second QTL is located between markers LEI0076 and UMA4 . 027 and has suggestive associations to DIS, MDI and VAG. Two additional QTL were revealed on Ch. 4 located » 35 and » 50 cm apart from both sides of the initial QTL. One QTL is between markers ADL0260 and MCW0240 with suggestive association to VAG. The second QTL is between markers ADL0144 and ADL0145 with significant association to BRA and suggestive associations to VAG and TIS (Table 1 and Fig. 1 ).
Six additional markers (ADL0315, ADL0111, ADL0279, MCW0183, MCW0201 and LEI0064) were genotyped within or nearby the QTL interval on Ch. 7 (Fig. 1 ). These additional markers split the single QTL reported previously into two different QTL, about 70 cm apart. One QTL is located between markers ADL0326 and LEI0064 with significant associations to SCI and BRA using MAPMAKER/QTL and TIS using Map Manager QT, and suggestive associations to VAG, DIS and MDI (Table 1 and Fig. 1 ). The second QTL is near marker ADL0180 and exhibits suggestive association to DIS and SUR but only by the interval mapping algorithms (Table 1 and Fig. 1 ).
Four additional markers (ADL0345, ADL0161, ADL0171 and MCW0305) were located within the QTL interval on Ch. 8 ( Fig. 1) . A QTL was verified to be near marker ADL0258 (Table 1 and Fig. 1 ). This QTL has significant association with SCI as judged by MAPMAKER/QTL but only suggestive association using single point analysis. The MD traits DIS, VAG, MDI, TIS and TUM have suggestive associations to this QTL using the interval mapping algorithms (Table 1 and Fig. 1 ). An additional MD QTL was revealed on Ch. 8 between markers ADL0345 and ADL0154 with suggestive associations to DIS and SCI.
New QTL
As a result of screening other regions in the chicken genome, three additional QTL with associations to MD traits were revealed (Table 1 ). On Ch. 1, a QTL with suggestive association to VIR is located between markers LEI0101 and UMA1 . 220 by the interval mapping algorithms only (Table 1 and Fig. 1) . A single marker UMA1 . 019 on Ch. 1 exhibited significant associations to three MD traits (MDI, TIS and VAG) and suggestive assocations to four other MD traits (SUR, DIS, SCI and BRA) ( Table 1) ; only single point analyses could be performed as there are no nearby flanking markers for interval mapping analyses. The third new QTL is between markers MCW0330 and ADL0149 on E41 and affects only VIR at the significant level using Map Manager QT, at the suggestive level using MAPMAKER/QTL, and below the suggestive level using anova.
MD QTL effects and genetic models
Two of the three QTL associated with VIR (on Ch. 1 between markers LEI0101 and UMA1 . 220 and on E41) were not associated with any other MD trait, and the third QTL (on Ch. 2 between markers LEI0086 and MCW0063) was associated with VAG only at the suggestive level. These QTL on Ch. 1, Ch. 2, and E41 explained about 6 . 7%, 2 . 7%, and 4 . 6% of the total phenotypic variation (R 2 ) of VIR, respectively ( Table 2 ). The QTL on Ch. 1 showed a partial dominance mode of inheritance while the other two QTL were recessive ( Table 2 ). The allele conferring resistance to MD was from Line 7 2 for the QTL on Ch. 1. The R 2 values of the QTL on Ch. 1 (near marker UMA1 . 019), Ch. 2 (QTL between ADL0185 and ADL0309), Ch. 4 (QTL between ADL0144 and ADL0145), Ch. 7 (two QTL), and Ch. 8 (QTL between ADL0345 and ADL0154) were between 1% and 10% ( Table 2 ). The mode of inheritance of these QTL was recessive, with The suggestive and significant traits affected by the QTL. VIR = viremia, the MDV concentration 2 weeks post MDV challenge. TIS, the number of different tissues/organs showing gross MD tumors or lesions at necropsy. SUR = survival, the number of days from the MDV challenge to death. DIS = disease, the chicken phenotypic assessment for MD susceptibility; VAG, SCI and BRA = presence of lesions in vagus, sciatic and brachius nerves, respectively; TUM = tumour index. MDI = MD Index.
z Means of RR, the homozygous to the resistant line allele (line 6 3 ); rr, the homozygous to the susceptible line allele (line 7 2 ), and Rr, the respectively heterozygous, estimated by interval mapping using Mapmaker/QTL or by singlepoint anova for a sing.
x In percents, estimated by interval mapping using MAPMAKER/QTL or by single-point anova for single marker QTL and non-parametric traits. yy The genetic model with respect to Line 7 2 determined by the criteria of Stuber et al. (1987) : rec, recessive h < 0; add, additive, h = 0±0 . 20; pdom, partial dominance, h = 0 . 21±0 . 80; dom-dominance, h = 0 . 81±1 . 20, over, overdominance, h > 1 . 20. (Table 2) . Also, the Line 7 2 allele for the QTL on Ch. 8 between ADL0345 and ADL0154 conferred MD resistance.
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The QTL on Ch. 4 between markers LEI0094 and ADL0266 explained 5%±7% of the phenotypic variation of the MD traits with significant associations (DIS, MDI and VAG) and 3%±4% of the MD traits with suggestive associations (SUR, TIS and BRA) ( Table 2 ). Variable modes of inheritance of this QTL was observed on the MD traits.
The two suggestive QTL on Ch. 4 (between ADL0260 and MCW0240) and on E16 explained about 1 . 5% of the phenotypic variation of VAG and 6% of the MDI phenotypic variation, respectively (Table 2 ). These two QTL exhibited over-dominant inheritance (Table 2) .
A partial dominance mode of inheritance were observed for all the MD traits affected by the QTL on Ch. 4 (between LEI0076 and UMA4 . 027) and Ch. 8 (between markers ADL0171 and ADL0258) ( Table 2 ). The R 2 values of these QTL were estimated to be between 2%±4% (Table 2 ). For the QTL on Ch. 8 between ADL0171 and ADL0258, the Line 7 2 allele conferred MD resistance.
Discussion
Genome coverage
In the previous report (Vallejo et al. 1998) , the limited number of microsatellite markers from the chicken genetic map was a major constraint. At the conclusion of the first study (August 1996) , » 600 microsatellites were mapped on one of the three existing chicken maps. However, PCR primers or sequence information was available for only about half of the markers. This fact combined with the observation that » 50% of the markers on average were informative in our resource population, greatly hindered our ability to screen the entire genome and saturate QTL regions.
Marker availability is still an issue. Theoretical studies indicate a fairly wide spacing of 50 cm is close to optimal for detecting initial marker-QTL linkages (van Ooijen 1992; Darvasi & Soller 1994) ; however, our experience indicates that smaller intervals of 30±40 cm are required. While new microsatellite markers increased coverage by 400 + cm, about 1100 cm or nearly one-third of the genome has still not been surveyed. Some of this problem may be unique to our resource population as there are only two parental lines, both derived from the same breed with some shared germplasm (e.g. no informative markers in a 70-cm region on Ch. 1 after screening 15 markers). More over, microsatellite marker representation for many of the smaller LG on the genetic maps remains poor (e.g. nine East Lansing LG have no mapped microsatellite markers). For marker saturation of QTL regions, intervals of 20 cm or larger in size remain despite extensive searches for informative markers. However, the marker saturation issue may not be that serious as only QTL of very large effect can be resolved below 10±15 cm with populations of 1000 or less progeny (Darvasi & Soller 1997) .
MD QTL
In the previous study, only continuous traits were analyzed by interval mapping using the Map Manager QT algorithm. In the current study, the use of MAPMAKER/QTL for nonparametric traits allowed us to extend our analysis to other MD traits (i.e. DIS, VAG, BRA and SCI). Most of the QTL exhibit some association with one or more nonparametric traits.
As expected, additional markers in the QTL regions that were previously resolved to large intervals had a dramatic effect. On Ch. 4, the previously identified single QTL is now possibly split into two QTL about 25 cm apart ( Fig. 1 and Table 1 ). The QTL with the larger effect is located between markers LEI0094 and ADL0266 with new significant associations to DIS and VAG plus new suggestive associations to SUR and BRA. Also, the previous suggestive association to MDI is now significant. The second QTL located between LEI0076 and UMA4 . 027 has suggestive associations to DIS, MDI and VAG.
Likewise on Ch. 7, the previous single QTL is now split into two QTL about 70 cm apart. The QTL of the larger effect is located between markers ADL0326 and LEI0064 now with significant association to SCI and BRA. However, TUM and VIR are no longer associated. The values of explained phenotypic variation (R 2 ) doubled from what was previously reported for TIS and MDI. New markers in the other QTL region on Ch. 7 near ADL0180 verify the suggestive association to SUR and reveals a new association to DIS. Additional markers also helped support and refine the location of other QTL. On Ch. 2, significant associations of SUR and MDI to a QTL between markers ADL0185 and ADL0309 were strengthened. Additionally, significant and suggestive associations were revealed with DIS and VAG, respectively. As previously reported, a QTL associated with VIR continues to be placed » 20 cm away and now with intervening markers, we are tentatively declaring it as a new QTL.
On Ch. 8, the additional markers refine the location of the initial QTL, and the traits TUM and MDI have suggestive associations and not significant as reported previously. Three traits that were not involved in the previous analysis (SCI, DIS and VAG) were found to be associated with this QTL with SCI at the significant level. The additional markers also revealed a second QTL » 30 cm away with suggestive associations to DIS and SCI.
The possibility still remains that the linked QTL are not separate QTL given the shape of the test statistic curves and the similarities of the QTL.The resolving power of this study is often greater than the distance separating the QTL (Darvasi & Soller 1997) . However, there are probably two QTL on Ch. 2 as QTL for VIR tended not to be associated with other MD traits. Likewise on Ch. 7, the large distance between the two QTL would suggest that this is real.
Additional markers in previously unsurveyed regions identified three new QTL. The QTL on Ch. 1 linked to UMA1 . 019 is associated with the most number of traits than any of the other QTL. As this QTL is not flanked by markers, one would predict that the size of effect can only increase with more genotyped markers in the vicinity. The two other new QTL (on Ch. 1 between markers LEI0101 and UMA1 . 220 and on E41) are only associated with VIR at the suggestive level.
Recently, another genome-wide search using a different resource population of broilers segregating for genes influencing antibody response to Escherichia coli, Newcastle disease virus (NDV) and sheep red blood cells (SRBC) suggested that there are three genomic regions associated with antibody response (Yonash et al. in preparation) . Although markers from five regions influencing MD were included in the other study, none were associated to antibody response. It appears that at least some of the QTL found for resistance to MD have no effect on antibody response of young broilers to E. coli, NDV and SRBC and vice versa.
With few exceptions, the mode of inheritance for each trait within a QTL (Table 2) is the same as reported previously. Non-additive genetic models (e.g. recessive, partial-and over-dominance) predominate with the genetic model for most of the MD traits in these loci exhibiting recessive mode of inheritance with respect to Line 7 2 . However, with respect to resistance to MD, dominant QTL are the general rule and for three cases the resistant alleles came from the susceptible parental line (Line 7 2 ). The genetic model within most of the QTL was uniform to all MD traits (e.g. recessive in the QTL on Ch. 1 near UMA1 . 019 and on Ch.7; and partial dominance in the QTL on Ch. 4 near LEI0076 and on Ch. 8 near ADL0258). Non-additive QTL theoretically should be among the most useful for marker-assisted selection as these would not be easily selected for in a traditional breeding program.
The number of traits each QTL is associated with ranges from one to seven. VIR is the trait least correlated to the others and this is reflected by the observation, with one exception, QTL associated with VIR are not associated with any other trait. Biologically, this may mean that tumor formation is independent of the viremia level though one must be cautious as only one time point was measured.
The most predictive trait is MDI which is actually an empirical pooled index trait that assigns weight to each MD trait. Three QTL have significant associations to MDI and explain 6% to 7% of the phenotypic variation, whereas four additional QTL have suggestive associations and explain 4% to 6% of the MDI phenotypic variation ( Table 2) .
The genetic architecture for resistance to MD is strikingly similar to what Kearsey & Farquhar (1998) would predict for the analysis of any quantitative trait. Based on 47 studies with 176 traits in plant, most reports identify eight or fewer QTL, and for a particular trait, the range is one to 16 QTL with an average of four. In our study, nine different MD traits were measured and were affected by two to seven QTL, with an average of four QTL per trait. In the plant studies, percentage variation explained was usually around 6%. Here, the percentage range of the phenotypic variation explained by the QTL was between 1 . 4% to 9 . 8%, with average of 3 . 9%. Moreover, we agree with Kearsey & Farquhar (1998) that a marker density lower than 15 cm does not help in the QTL analysis. On the other hand, we find that analysis of intervals larger than 30 cm yields unreliable results.
